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1 Introduction

Airfield pavement design is a complex blend of relatively simple linear elas-
tic theory, fatigue concepts, empirical relationships derived from small and full-
scale tests, and pragmatic adjustments to reflect observations of in-service
pavements. This philosophy served the design community well for many years
as it allowed total thickness, asphalt concrete pavement thickness, and material
requirements for constituent layers in the pavement to be determined to avoid a
pre-selected level of distress in the pavement. For airfields, this level of distress

| at “design” failure was selected to be one inch of shear rutting in the subgrade or
fatigue cracking of the asphalt concrete.

However, today’s designers are being asked to predict pavement perfor-
mance. This is a far more complex task than simply providing safe thickness
and specifications for the material. To deal with this new challenge, the design
community must have material models that predict cumulative deformations
under repetitive aircraft loads. With heavy loading, such as may be encountered
with many airfields, the nonlinear response of base course materials must be
considered when predicting pavement performance. The advances made in
computational mechanics have created new tools of application for this type of
problem. Theoretically rigorous material models may be implemented within
many of the general-purpose finite element computer programs available today.
In order to apply these material models, mechanical response data are required to
calibrate the necessary model parameters, Barker and Gonzalez (1991).

The flexible pavement used in military airfields commonly consists of a thin
asphalt concrete (AC) surface to provide a high-quality waterproof surface, and
relatively thick layers of granular base and subbase down to the subgrade. These
thick granular layers are used to reduce the stresses applied by aircraft traffic on
the pavement surface. A typical pavement of this type is shown in Figure 1
(Webster 1993).

The magnitude and frequency of loading in airfield pavements are very dif-
ferent from typical highway pavements, as shown in Figure 2. The amount of
load repetitions applied to airfield pavement is several orders of magnitude less
than that seen in highways. A high-volume highway may experience 60 million
load repetitions, while a high volume airfield may only experience 50,000 air-
craft coverages in a 20-year period. These differences led to a divergence in the
research focus between the airfield and highway pavement communities. The
major focus of research into highway flexible pavement design has been in the
area of viscous fatigue modeling of asphalt concrete. The airfield pavement
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30, 000 Ibs.

240 in.

Figure 1. Flexible pavement from Webster (1993)

Load, Ibs

Figure 2. Comparison of aircraft single wheel loads and truck tire loads
(18K-ESAL)
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community has been required to broaden the focus of analytical research to
include the AC and all supporting layers.

Response predictions for granular bases have always posed one of the most
difficult analytical problems in traditional airfield pavement design methodolo-
gies. For this reason, the granular layers have never been treated explicitly in
design as have the AC layer and subgrade layer, which have used predictive
models for cracking in the AC and rutting in the subgrade as a function of linear-
elastic strain and material properties. Instead these granular layers were care-
fully specified in terms of gradation, plasticity, and in situ density to minimize
deformation under traffic. However, to eventually develop theoretical methods
to predict performance of the pavement, sound methods are needed that predict
plastic deformation within these granular layers.

The structural components of flexible pavements are highly nonlinear-elastic
plastic materials. With heavy loading, such as may be encountered with many
roads and airfields, the nonlinear response of pavement materials should be con-
sidered when predicting pavement performance. The advances made in compu-
tational mechanics have created new tools, such as the newer generation finite
element codes, for this type of problem. The beauty of the finite element
method is that it can incorporate both material and handle arbitrary geometry.
Theoretically rigorous material models may be implemented within many of the
general-purpose finite element computer programs available today. In order to
apply these material models, mechanical response data are required to calibrate
the necessary model parameters.
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2 Model Requirements

Typical rational design procedures couple theoretical response models that
predict traffic-induced stresses, strains, and deflections with damage models for
fatigue cracking and pavement rutting. The various layers in a pavement system
are characterized by their engineering properties and the structural design is sub-
sequently based upon limiting stresses, strains, or deflections computed at cer-
tain critical locations in the pavement structure. The procedures use an iterative
process, which involves theoretical response analysis, material characterization,
distress prediction, and adjustment factors. Several rational (mechanistic) pave-
ment design procedures have been introduced into design over the past years.

The objective of this research is to provide a predictive method for modeling
the response of unbounded granular layers in flexible pavements subjected to
aircraft loads. The essential features of pavement response that are required
from a constitutive model include nonlinear elastic response, permanent or
plastic deformation resulting from yield, cyclic loading, strain
softening/hardening, and shear-dilatancy. A pavement model should be simple
in operation, implementation, and calibration. The model must be executable
within a proven general-purpose finite element code such as ABAQUS from
HKS, Inc. The model must also provide pavement analysts with the capability
of predicting the performance of unbounded materials under traffic loading.

Chapter 2 Model Requirements




3 Historical Foundatiohs of
Model

The model is a product of nearly twenty year’s research (1980 to present) at
Waterways Experiment Station (WES) and the Engineering Research and Devel-
opment Center (ERDC) of the U.S. Army Corps of Engineers on constitutive
theory for soil in civil engineering applications. This period is marked by enor-
mous interest in constitutive theory for soil by the geotechnical profession in
general, during which an abundance of modeling concepts was proposed. The
focus of the work at WES and ERDC was to delineate the relationships among
the various modeling concepts and the physics of soil behavior. The goal was to
produce a constitutive model based on consistent set of mechanical and thermo-
dynamic principles that had predictive capabilities and was suitable for practical
numerical analysis. The key ideas for the model can be found in Valanis and
Peters (1991) (see also Valanis and Reed 1986, Peters and Valanis 1992) which
describes a theory based on endochronic plasticity that is consistent with the
critical state theory first proposed Roscoe and his coworkers (1958). An impor-
tant result of this work was the clear distinction between kinematic hardening,
which arises naturally from the internal variable theory of irreversible thermody-
namics, and isotropic hardening, which arises naturally from evolution of the
independent state variables and past stress history of the material. The theory
was applied to a number of modeling applications (e.g. Issa et al. 1995), which
demonstrated its potential for predicting mechanical response of a wide range of
engineering materials. In addition, independent experimental research was
directed at describing the plastic response mechanisms under very generalized
loading. In general, the central role of kinematic hardening predicted by the
theory seems to be consistent with experimental observations.

Despite its success, the theory of Peters and Valanis (1991) did not fully
meet the needs for engineering practice. In particular, realistic endochronic
models are difficult to calibrate and implement numerically, as is apparent from
the efforts of Issa et al. (1995). The endochronic theory in general requires a
facility with mathematical analysis not found in the experimentalists and engi-
neers who are most important to its practical use. A version of the theory was
thus crafted that is accessible through intuitive rather than mathematical
descriptions without loss in predictive capability or adherence to fundamental
physical principles.

The multi-mechanical model achieves the desired simplicity through a par-
ticular interpretation of the notion of intrinsic time first introduced by Valanis
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(1971, 1980). As described in the next section, by altering the definition of time
a strictly mechanistic interpretation of the theory is possible. The definition of
time is, of course, fundamental to the theory and the simplicity is gained has
physical consequences. Initially, it was hoped that the physical response of the
new model would be a sufficiently accurate approximation of the original endo-
chronic model. Upon further examination, it appears that the multi-mechanical
model may actually give a better representation of granular media than the origi-

nal endochronic model.
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4 Theoretical Background

The theory of internal variables, as described by Valanis (1971), relates the
stress, oy to the Helmholtz free energy by

0 ’
o, =—a;V§(aij,q,§.>). ........................................................................... )

)

where ¢&; is the strain and q;.’)

versibility of the system. For soils application it is convenient to decompose the
stress into its shear and hydrostatic components o; =s; + oo ; such that the

are internal variables which capture the irre-

free energy is expressed as y = y* + w"* with

oy* @)
S; = 7 ) NPT 2
7= e, 40 @
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The subscript H refers to the hydrostatic component that differs from the total
volumetric strain, € (Valanis and Peters 1991). Typically, for elastically
isotropic materials the free energy is defined as

c_1g ’
w =§ZIA, ;= G5 || e 4)
and
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W =EZB' £ = GO oo (5)
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Associated with each internal variable is a thermodynamic force
Q;.’) =0y /0¢; so that
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It follows that s; = z Q,.j(.’) and 0 = Z O . The change of thermodynamic
shear force is
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The internal variable is removed from Equation 6 through a rate equation that

)

satisfies the thermodynamic restriction dqg. i 2 0. For example, a viscous

resistance law would give

" = 5™
/N )

where the dot implies differentiation with respect to time. Substitution of Equa-
tion 9 into Equation 8 gives the evolution law for a linear viscoelastic material.
Valanis noted that the rate relationships can be cast in incremental form and thus
do not depend on the definition of time. In particular, the equations for rate
independent plasticity results from defining an intrinsic or endochronic time
based on plastic strain path length. Valanis (1971 and 1980) showed that the
plastic response to be expressed as a history integral (kernel functions), similar
to viscoelastic materials. Through restrictive assumptions on the character of the
kernel functions in the history integrals, classical kinematic hardening plasticity
based on a yield surface expressed in terms of back stress results. Introduction
of independent state variables into the time scale results in the theory for iso-
tropically hardening plasticity. Importantly, models for combined kinematic and
isotropic hardening evolved from fundamental assumptions without the need for
complex ad hoc rules for expansion and translation of the yield surface.

For soils, Valanis and Peters (1991) added a coupling between hydrostatic
and shear mechanisms that captured correctly volumetric strains produced by
cyclic loading. In this coupling the hydrostatic strain, dgy, differs from the mea-
sured volumetric strain, de, by a coupling strain, de,, using an incremental rela-
tion, de,=de-de,. The coupling strain increment is proportional to the increment
of plastic shear strain through a stress-dilatancy relationship similar to that of
critical state soil mechanics. The coupling laws in the two theories differ; the
endochronic theory includes a provision for load reversals, which is a feature not
considered in the critical state theory.

The multi-mechanical model arises from a particular definition of intrinsic
time. Valanis (1971) notes that the time is not only intrinsic to the material, but
it could be intrinsic to the mechanism. Thus, each mechanism could have an
autonomous time. The consequence of using autonomous time is that, in the
absence of isotropic hardening, hysteresis loops are closed. Endochronic time,
which couples all mechanisms, produces hysteresis loops that do not close com-
pletely. Cyclic loading in real materials produce hysteresis loops that do not
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close, indicating the endochronic time gives the better representation of cyclic
behavior. As is discussed in the section on Model Description, the lack of clo-
sure in hysteresis loops for soils appears to be related to the coupling effects of
Coulomb friction even when autonomous time is used. More to the point, auton-
omous time yields significant simplification to the theory, which is justification
of its use in any case.

By assuming that each mechanism has its own time measure, the model
reduces to simple elastic-plastic elements acting in paraliel (Figure 3). The
strain is common to all mechanisms making integration of the evolution equa-
tion a simple matter of independently applying the elastic-plastic yield relation-
ship to each mechanism. The calculation can be done by established numerical
techniques for plastic materials. It should be noted that this is not only signifi-
cantly simpler than previous endochronic laws, but the model is more straight-
forward than other kinematic hardening laws based on nested yield surfaces or
complex translation rules.

The operation of a four-mechanism model in a triaxial test is shown in Fig-
ure 4, which illustrates the yield behavior of each mechanism and the stress
strain response that results. The elastic-plastic-perfectly-plastic elements act in
parallel by making the total strain common to all mechanisms. The total stress is
the sum of the component stresses. The secant modulus of the material is equal
to the sum of non-failed mechanisms. Thus as the first mechanism fails at
point 1 the total stiffness is reduced because the stress in mechanism 1 lies on its
yield surface. At points 2 and 3, the second and third mechanisms yield, respec-
tively. Mechanism 4 remains elastic throughout the simulation. At point 4 the
load is reversed making all four mechanisms respond elastically. At point 5 the
first mechanism yields in extension even though the total stress state is compres-
sion. At point 6 the second mechanism yields in extension. The remaining two
mechanisms remain elastic. At the next load reversal, point 7, all four mecha-
nisms respond elastically up to point 8, where mechanism 1 again yields in com-
pression. At this juncture a critical aspect of frictional systems is observed.
When the compression yield points 1 and 8 are compared, the mean stress at
point 8 is seen to be lower than point 1. As a result, the shear stress at yield for
point 1 is higher than it is at point 8. A similar relationship between yield points
at points 2 and 9 is seen for the second mechanism. The net result is that the
hysteresis loop does not close, causing a ratcheting to occur under cyclic load-
ing. The situation is magnified when the volume change is restricted, as in the
case of saturated soil without drainage, because the fluctuations in mean stress
can be quite large. For example, the liquefaction instability during cyclic load-
ing, which is predicted by the model, is due to this effect. The ratcheting under
cyclic shear loading is the product of several interacting mechanisms for which
the hydrostatic stress acts like a varying parameter. Ratcheting is not a pre-
scribed feature of the shear response; it is a predicted effect.
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Figure 3. Schematic representation of plasticity response model. The combined
simple responses of elastic-perfectly plastic elements produce a

complex kinematic hardening response
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Figure 4. Response to cyclic loading created by interaction of parallel elastic-
perfectly plastic components
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5 Model Calibration

Smith (2000) presents an application of the WES model using four mecha-
nisms. The calibration was based on a suite of drained triaxial loading tests that
included both monotonic and cyclic loading components. Although only the
monotonic loading tests are required for calibration, the data from cyclic loading
proved to be essential for an accurate calibration.

Calibration from Monotonic Loading Tests

The procedure for calibrating the model requires a set of several triaxial
tests, either drained or undrained, with pore pressure measurements. First, the
relation between mean effective stress and void ratio at the ultimate state is
plotted similar to an e - log p curve as shown on Figure 5. The slope C, and
intercept, e, are used to determine the relation between void ratio and the ref-
erence pressure, P,. Next, the hydrostatic stress-strain curve is plotted in a nor-
malized form in which the hydrostatic stress is divided by the reference stress.
In this form the hardening effect of void ratio decrease is removed, leaving the
fundamental curve. The normalized curve is then divided into regions to be rep-
resented by each mechanism. The yield stress associated with each mechanism
is thus determined. The stiffness of each mechanism is determined by the
change in modulus that occurs as each yield limit is crossed.

A similar procedure is carried out for the shear response. The shear yield
limit is determined for each mechanism. Friction angles are selected based on
the ultimate friction angle at a stress level close to that of the expected service
loads. From these data, the distribution factor for hydrostatic stress can be deter-
mined for each mechanism. The calibration for the shear modulus the same as
that for the bulk modulus of the hydrostatic mechanism.

Repeated Loading

The predictions made using the calibration presented by Smith (2000) pro-
duced cyclic behavior that was somewhat different form the laboratory tests.
The model did produce hysteresis, but the shape and size of the hysteresis loops
at low strain levels and the magnitude of the strain at which the cyclic behavior
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Figure 5.  Void ratio versus log normal stress plot used to determine NCL for
WES MM Model

began was different from the test data as shown in Figure 6. This illustrates an
important aspect of the calibration process. Although the model can be com-
pletely calibrated from a test with a monotonically increasing loads, the cyclic
behavior may not be represented well. The stress-strain data from the initial part
of the monotonic loading are often not representative of the initial yield behavior
that may dominate cyclic response. Also, seemingly subtle differences in the
initial loading may make large differences in the predicted hysteresis of the
cyclic response. Finally, the virtually continuous stress-strain response is
approximated by a small number of mechanisms in the model. An accurate
depiction of hysteresis during cycling at small strain may require assigning more
mechanisms to the initial part of the curve, possibly at the expense of detail in
the yield near failure. Alternatively, a greater number of mechanisms could be
used.

A modified calibration was completed (shown in Table 1 and Table 2), and
the cyclic test was rerun with the new calibration. The ability of the WES MM
model to closely capture cyclic response was clearly demonstrated in this analy-
sis. However, obtaining this calibration required numerous iterations and inti-
mate knowledge of model behavior. One of the original goals of this model
development was to produce a constitutive model that would be relatively easy
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Comparison of FEM prediction of cyclic response to test data for two model

calibrations
Table 1
Global Properties for Modified Calibration
Property Magnitude
Friction Angle 48 degrees
Cohesion 0.25 psi (1.72 kPa)
Bulk Modulus 100000 psi (689.5 MPa)
Shear Modulus 200000 psi (689.5 MPa)
Phi Ratio 0.50
Hydrostatic Intercept 0.70 psi (4.82 kPa)
Reciprocal of Cc 8.685
Shear-volume Factor 0.72
OC factor 1.80
Dilatancy Rate Factor 1.00
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Table 2
Mechanism Properties for Modified Calibration

Mechanism
1 2 3 4
Phi Fraction 0.1 0.25 0.6 0.9
Mean Stress Fraction 22 0.86 0.3 0.35
Shear Stiffness Distribution 0.49 0.26 0.068 0.011
Compression Limit 0.018 0.9 1.00 1.00
Volumetric Stiffness Distribution 0.565 0.38 0.02 0.035

to calibrate from standard geotechnical laboratory tests and produce reasonable
predictions of pavement response to load. Analysis of the model behavior is
presently underway to identify better the effect that each parameter has on stress
strain response and the relationship between number of mechanisms and range
of accuracy of the calibration. Preliminary results of this effort indicate that the
trial and error can be completely removed from the calibration procedure.

This modified calibration also proved to create numerical convergence prob-
lems with ABAQUS when applied to the field test section FEM analyses. When
using a commercial code like ABAQUS, one does not have access to the source
code for the FEM program. As a result, when problems with convergence are
encountered and can not be solved through the use of interation time-stepping
options, other avenues of completing an analysis, such as equivalent alternate
material model calibrations, must be considered. Even though the modified
cyclic calibration produces excellent stress-strain agreement with the test data at
low stress levels, the amount of permanent strain accumulated from each cycle is
very close for both calibrations. Given these considerations, the original stan-
dard calibration was used for the test section analyses.

Chapter 5 Mode! Calibration
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6 Computational Example:
ABAQUS FEM Analysis of
Test Section

The ABAQUS FEM code was used to analyze the response of a pavement
test section Webster (1993) shown in Figure 1. All ABAQUS computations
were conducted on SGI ORIGIN 2000 supercomputers. Finite element model
development for ABAQUS was accomplished interactively on engineering
workstations using the MSC Software Corporation’s PATRAN software incor-
porating an ABAQUS application interface. MSC/PATRAN was also used to
post-process many of the results from ABAQUS. A 2-D static axisymmetric
analysis was performed using the WES multi-mechanical model for the base
course and linear elastic properties for the asphalt and subgrade layers. The
purpose for this analysis was to demonstrate the ability to predict permanent
deformation in a granular pavement layer.

The information available from the test section data did not allow for direct
calibration of the asphalt and subgrade properties. However, there was enough
information to arrive at reasonable values for the elastic constants for the asphalt
and subgrade layers. The Young’s modulus, E, was 500,000 psi (3447.5 MPa)
for the asphalt layer and 18,000 psi (124.1 MPa) for the CH clay subgrade. A
Poisson’s ratio of 0.35 was used for both layers. Typical values for these mate-
rial constants can be found in a number of sources (Ulidtz 1998). The deflection
values obtained from multidepth deflectometers (MDD) were used to backcalcu-
late these constants to produce reasonable values of deformation under load. In
essence the MDD reading under load enabled a crude back calculation of elastic
constants to be performed, thus enabling the base course layer to see a stress
state very similar to the true state of stress under load. The values used for these
elastic constants in the subgrade material represent more than just a material
property. They are an effective foundation stiffness that allows for the subgrade
material, lower supporting layers and far boundaries to be included in a simpli-
fied system model. The crushed limestone aggregate base course was modeled
with the WES multi-mechanical model.

The pavement was modeled using standard 4-node quadrilateral axisymmet-
ric elements from the ABAQUS element library. To correctly model the modi-
fied C-130 tire, the load was simulated with a surface pressure of 68 psi
(468.8 kPa) applied over a circular area of 442 square inches (0.29 m’) to
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produce a total load of 30,000 1b (133 kN). The asphalt layer had a depth of 2 in.
(50.8 mm). The granular base was 10 in. (25.4 mm) thick. The total depth of
the subgrade was 240 in. (6096 mm) yielding a total model depth of not less than
20 ft (6.25 m).

The test sections were subjected to 5 cycles of a simulated single C-130 tire
load. The base course layer was modeled with the WES multi-mechanical
model, while the remaining layers were modeled as a linear elastic material. The
results of these analyses were compared to MDD measurements from the field
test sections to provide model validation and assessment.

Figures 7a shows the deformed shape of the section under the first load
application, while Figure 7b shows the deformed shape of the section after the
first load was removed. Figure 7c shows the deformed shape of the section
under the fifth load application. Figure 7d shows the deformed shape after
removal of the fifth load. The value of deformation at the top of the base course
was 173 mils (4.39 mm). Webster (1993) reported the value of deformation at
the top of the base course in Lane 1-1 to be 165 mils (4.19 mm) under the fifth
load application. The predicted deformation under load at the top of the sub-
grade was 113 mils (2.87 mm) as compared with a field value of 125 mils
(3.17 mm). The agreement between these values verifies the relative accuracy
of the overall system calibration as shown in Figure 8.

To validate the ability of the WES MM model to predict plastic accumulated
strain under repeated loads, the value of permanent deformation after removal of
the load at the top of the base course, 33 mils (0.83 mm), was determined from
the analysis and compared with the field value of 40 mils (1.02 mm). The agree-
ment between the FEM predictions and the field measurements are very close.

Chapter 6 Computational Example: ABAQUS FEM Analysis of Test Section
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- 7 Concluding Remarks

This report describes a constitutive model for granular media that is suitable
for finite element computations of pavement sub-base, subgrade, and similar
materials. The model has demonstrated applicability in the prediction of cumu-
lative permanent deformation of a granular base over a small number of severe
load cycles. The model formulation is applicable for a wide range of materials;
seemingly diverse materials such as clay subgrade and granular sub-base are dis-
tinguished only by values of model parameters. The theoretical concepts upon
which the model is based are general and offer an avenue to extend to model to
other materials. The following are considered to be critical items to be added in
the future to enhance the model’s overall applicability in pavements analysis:

a. A mechanism will be added to account for a viscous bituminous binder
phase to model asphalt. In this approach, the granular phase represented
by the multi-mechanism model accounts for the nonlinearity of the
asphalt. The binder phase accounts for rate-dependent response and
inhibits volume change.

b. The mechanics of partial saturation are under investigation to determine
the interaction of the air-water interface (contractile skin) and the granular
matrix. At present, the strengthening effects of partial saturation are
accounted in an ad hoc fashion with the multi-mechanical through the
cohesion term.

¢. A damage law must be added to account for brittle behavior in rigid
pavements. The plastic response of concrete canbe modeled by the
present model owing to its association to the endochronic model (Valanis
and Reed 1986).

d. The three-dimensional response of the model will be investigated in detail
using cubical and directional shear experiments for sand that were
designed especially to study kinematic hardening in granular media (see
Alawaji et al. 1990).

The individual physical process addressed by the multi-mechanical model and
its extensions are complicated and only partially understood. Yet, each process
has essential features that can be modeled in a relatively simple manner. The art
of modeling pavement performance rests on the ability to recognize which fea-
tures are critical to the system behavior. Thus, the success of the system’s
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approach to pavement modeling depends on combining the various types of
response in a robust way. The multi-mechanical model provides a framework to
incorporate the key physical phenomenon of elasticity, plasticity, multi-phase
behavior, and damage.
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